The serotonin (5-HT) transporter (SERT) facilitates clearance of extracellular 5-HT by its uptake and internalization. Decreased expression of SERT and consequent high 5-HT levels have been implicated in various diarrheal disorders. Thus, appropriate regulation of SERT is critical for maintenance of 5-HT homeostasis in health and disease. Previous studies demonstrated that SERT is regulated via posttranslational and transcriptional mechanisms. However, the role of epigenetic mechanisms in SERT regulation is not known. Current studies investigated the effects of histone deacetylase (HDAC) inhibition on SERT expression and delineated the mechanisms. Treatment of Caco-2 cells with the pan-HDAC inhibitors butyrate (5 mM) and trichostatin (TSA, 1 M) decreased SERT mRNA and protein levels. Butyrate-or TSA-induced decrease in SERT was associated with decreased activity of human SERT (hSERT) promoter 1 (upstream of exon 1a), but not hSERT promoter 2 (upstream of exon 2). Butyrate ϩ TSA did not show an additive effect on SERT expression, indicating that mechanisms involving histone hyperacetylation may be involved. Chromatin immunoprecipitation assays demonstrated enrichment of the hSERT promoter 1 (flanking nt Ϫ250/ϩ2) with tetra-acetylated histone H3 or H4, which was increased (ϳ3-fold) by butyrate. Interestingly, specific inhibition of HDAC2 (but not HDAC1) utilizing small interfering RNA decreased SERT mRNA and protein levels. The decrease in SERT expression by HDAC inhibition was recapitulated in an in vivo model. SERT mRNA levels were decreased in the ileum and colon of mice fed pectin (increased availability of butyrate) compared with controls fed a fiber-free diet (ϳ50 -60%). Our results identify a novel role of HDAC2 as a regulator of SERT gene expression in intestinal epithelial cells.
Thus, appropriate regulation of SERT is critical for maintenance of 5-HT homeostasis in health and disease. Previous studies demonstrated that SERT is regulated via posttranslational and transcriptional mechanisms. However, the role of epigenetic mechanisms in SERT regulation is not known. Current studies investigated the effects of histone deacetylase (HDAC) inhibition on SERT expression and delineated the mechanisms. Treatment of Caco-2 cells with the pan-HDAC inhibitors butyrate (5 mM) and trichostatin (TSA, 1 M) decreased SERT mRNA and protein levels. Butyrate-or TSA-induced decrease in SERT was associated with decreased activity of human SERT (hSERT) promoter 1 (upstream of exon 1a), but not hSERT promoter 2 (upstream of exon 2). Butyrate ϩ TSA did not show an additive effect on SERT expression, indicating that mechanisms involving histone hyperacetylation may be involved. Chromatin immunoprecipitation assays demonstrated enrichment of the hSERT promoter 1 (flanking nt Ϫ250/ϩ2) with tetra-acetylated histone H3 or H4, which was increased (ϳ3-fold) by butyrate. Interestingly, specific inhibition of HDAC2 (but not HDAC1) utilizing small interfering RNA decreased SERT mRNA and protein levels. The decrease in SERT expression by HDAC inhibition was recapitulated in an in vivo model. SERT mRNA levels were decreased in the ileum and colon of mice fed pectin (increased availability of butyrate) compared with controls fed a fiber-free diet (ϳ50 -60%). Our results identify a novel role of HDAC2 as a regulator of SERT gene expression in intestinal epithelial cells.
SERT; histone deacetylase inhibition; trichostatin A; butyrate epigenetics SEROTONIN (5-HT) plays diverse roles in the gastrointestinal (GI) tract, ranging from modulation of electrolyte absorption, maintenance of fluid homeostasis, alterations in GI motility, and regulation of gut permeability (9, 20, 23, 24, 39, 44) . High 5-HT levels are implicated in the pathophysiology of carcinoid syndrome, dumping syndrome, inflammation, or enteric infections (40) . Since 5-HT mediates its actions via various receptor subtypes, it is critical to maintain optimal extracellular availability of 5-HT in the gut to facilitate its physiological actions and prevent receptor desensitization. In this regard, the intestinal 5-HT transporter (SERT, SLC6A4) plays a key role in clearance of 5-HT by its rapid uptake through an apically localized, fluoxetine-sensitive NaCl-dependent transport process (19, 35, 36) . Several lines of evidence support downregulation of SERT in inflammatory or diarrheal disorders. For example, SERT expression is decreased in ulcerative colitis patients and in several experimental models of colitis (10, 13, 30) . Similarly, targeted deletion of SERT in mice results in increased stool water content (indicative of diarrheal phenotype), an abnormal pattern of motility, and exacerbation of inflammatory responses (3, 8) . Despite these reports acknowledging the importance of SERT as a novel target for GI disorders, not much is known regarding the cellular and molecular mechanisms underlying the regulation of SERT in health or disease.
Emerging studies from our laboratory and others have shown that SERT activity is regulated rapidly via posttranslational mechanisms, such as cellular protein kinases or protein tyrosine phosphatases, or via alterations in SERT surface levels (12, 37) . In addition, recent studies have demonstrated SERT regulation via alterations in its gene expression. Foley et al. (14) demonstrated SERT downregulation in response to proinflammatory agents such as TNF and IFN␥. Our recent findings demonstrated that SERT expression is upregulated by EGF via transcriptional mechanisms (17) . Whether epigenetic mechanisms are involved in modulating SERT expression in intestinal epithelial cells (IECs) is not known.
Epigenetic modifications occur via direct modification on DNA (such as methylation at CpG sites) or involve alterations in the methylation or acetylation status of chromatin-associated histones. Histone acetylation is an essential epigenetic mechanism that controls chromatin structure, DNA accessibility to transcription factors, and modulation of gene expression. Dysregulated expression or activity of histone deacetylase (HDAC) has been implicated in pathogenesis of cancer and inflammatory and autoimmune diseases (1). Thus, HDAC inhibitors have emerged as potential candidates for treatment of cancer or inflammatory bowel diseases (1, 21, 32, 42, 43) . The present studies utilize in vitro and in vivo murine models to examine the effects of HDAC inhibition on SERT.
Our results, for the first time, demonstrate that SERT expression is decreased by treatment of Caco-2 cells with the HDAC inhibitors butyrate and trichostatin A (TSA). This inhibition in SERT expression was mimicked by small interfering RNA (siRNA) inhibition of HDAC2, but not HDAC1. The SERT gene is under the regulation of two alternate promoters: human SERT (hSERT) promoter 1 (hSERTp1, upstream of exon 1a) and an alternate, hSERT promoter 2 (hSERTp2, upstream of exon 2) (17, 31). Interestingly, HDAC inhibition by butyrate or TSA decreased SERT gene promoter activity (hSERTp1, upstream of exon 1a). Progressive deletions of hSERTp1 indicated that the putative butyrate-or TSA-responsive elements are present in the region flanking nucleotides Ϫ272/ϩ2 of hSERTp1. Consistent with these data, chromatin immunoprecipitation (ChIP) assays indicated an enrichment of the region flanking nucleotides Ϫ250/ϩ2 with acetylated histone H3 or H4 that was further increased by butyrate. Similar to the in vitro model, in mice, pectin feeding (which results in high colonic butyrate levels by anaerobic fermentation) decreased SERT mRNA expression in the ileum and distal colon. These data indicate a novel mechanism of downregulation of intestinal SERT by epigenetic mechanisms involving HDAC2 inhibition and increased association of histone H3 or H4 acetylation with hSERTp1.
METHODS
Cell culture. Caco-2 cells were grown in 75-cm 2 plastic flasks at 37°C in a 5% CO2 environment. The culture medium consisted of high-glucose MEM, 20% FBS, 20 mM HEPES, 100 IU/ml penicillin, and 100 g/ml streptomycin. Cells at passages 25-45 were plated on 24-well plastic supports or 12-well Transwell filters at a density of 2 ϫ 10 4 cells/well. Cells were used for experiments at days 10 -12 postplating. Fully differentiated Caco-2 monolayers were treated with HDAC inhibitors for 24 h in MEM supplemented with 0.1% FBS.
Animal models. In vivo studies utilizing C57BL/6J mice (Jackson Laboratory) were approved by the Animal Care Committees of University of Illinois at Chicago and Jesse Brown Veterans Affairs Medical Center. Male mice (25-28 g body wt) were divided into control and pectin-fed groups. The control group received a fiber-free elemental diet (catalog no. TD97201, Harlan Laboratories), while the pectin-fed group was given a pectin-containing pellet diet (6% diet; catalog no. TD97202, Harlan Laboratories). After 1 wk of feeding, mice were euthanized under anesthesia utilizing a bottled CO 2 source and cervical dislocation. Immediately thereafter, intestines were resected, and the mucosa was scraped for RNA extraction from different regions of the intestine and stored at Ϫ80°C.
Real time RT-PCR studies. The relative abundance of SERT mRNA from control and butyrate-treated Caco-2 cells or from mouse intestine was quantitated using real-time RT-PCR. Briefly, RNA was extracted from Caco-2 cells or mouse tissues with use of a total RNA kit according to the manufacturer's instructions (Stratagene, La Jolla, CA). cDNA formation and PCR amplification were carried out by SYBR Green One-Step Real-Time PCR Master Mix utilizing the Mx3000P system (Stratagene). The primers for hSERT and ␤-actin are described elsewhere (17, 19) .
Western blotting. Control or treated Caco-2 cells were washed with ice-cold 1ϫ PBS and lysed in 20 mM Tris·HCl, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, and 1ϫ protease cocktail inhibitor mixture. The cells were lysed by sonication, and the lysate was centrifuged at 7,000 rpm for 7 min at 4°C. Protein concentration was determined by the Bradford assay. To examine the expression levels of SERT, 100 g of cell lysates were loaded on SDS-polyacrylamide gels and transblotted to nitrocellulose membranes. After 1 h in 1ϫ PBS-5% nonfat dry milk blocking buffer, the membranes were probed with monoclonal SERT antibody (Abcam; 1:75 dilution) or GAPDH antibody (1:1,000 dilution) in 1ϫ PBS and 2.5% nonfat dry milk overnight at 4°C. The membranes were washed four times with the wash buffer containing 1ϫ PBS and 0.1% Tween 20 for 5 min. Finally, the membranes were probed with horseradish peroxidase-conjugated goat anti-rabbit (for GAPDH) or goat antimouse (for SERT) IgG antibody (1:2,000 dilution) for 1 h, and the bands were visualized with enhanced chemiluminescence detection reagents.
Promoter cloning. The SERT gene is under the control of two alternate promoters: hSERTp1 (upstream of exon 1a) and hSERTp2 (upstream of exon 2 and extending upstream of exon 1c) (31) . The 5=-flanking regions of the hSERT gene were cloned [nt Ϫ872/ϩ2 relative to the transcription initiation site (ϩ1) for hSERTp1 and nt Ϫ1195/ϩ123 for hSERTp2, where ϩ1 is the start of exon 2] by PCR utilizing human genomic DNA, gene-specific primers, and Elongase enzyme mix (Invitrogen, Carlsbad, CA). The sequences for cloning full-length promoter and progressive deletions have been described by us previously (17) .
Transient transfection and luciferase assay. For transfection studies, Caco-2 cells were transfected with Lipofectamine reagent with hSERTp-luciferase constructs and pCMV␤ (␤-galactosidase mammalian expression vector; Clontech, Mountain View, CA). At 24 h posttransfection, cells were treated apically with butyrate or TSA for 24 h in serum-free medium containing 0.1% FBS. Cells were then plated and, at 24 h posttransfection, lysed in passive lysis buffer (Promega), and the activities of firefly luciferase (Promega) and ␤-galactosidase were measured by luminometer according to the manufacturer's instructions utilizing commercially available kits. The promoter activity was expressed as the ratio of luciferase to ␤-galactosidase activity (relative luciferase activity) in each sample.
ChIP assays. ChIP assay was performed utilizing the commercially available CHIP One-Day Kit essentially according to the manufacturer's instructions (Qiagen). Briefly, untreated cells or cells treated with butyrate (5 mM) were fixed in 1% (vol/vol) formaldehyde, and chromatin was sonicated; then immunoprecipitated with 5 g of specific antibodies against tetra-acetylated histone H3 or H4 or tetramethylated histone H3 or H4 (overnight) at room temperature (Upstate Biotechnology). Normal rabbit IgG was used as a control (Upstate Biotechnology). After reverse cross-linking and DNA extraction, immunoprecipitated chromatin was used as the template for real-time quantitative PCR utilizing the primers spanning region flanking nucleotides Ϫ872/ϩ2 of hSERTp1. At the end of amplification, PCR products were separated on 1% agarose gel containing ethidium bromide and run using 0.5ϫ Tris-borate-EDTA buffer.
siRNA experiments. Expression of HDAC1 or HDAC2 was selectively silenced utilizing predesigned siRNAs (Qiagen). Scrambled siRNA was used as nontargeting control. Caco-2 cells were transiently transfected with 100 pmol of siRNA duplexes for 24 -72 h using Lipofectamine (Roche). Silencing was validated by real-time PCR and Western blotting utilizing HDAC1-or HDAC2-specific primers and specific antibodies (Abcam).
Statistical analysis. Values are means Ϯ SE. One-way ANOVA or Student's t-test was utilized for statistical analysis. P Յ 0.05 was considered statistically significant.
RESULTS
Butyrate and TSA decrease SERT expression. Butyrate and TSA are two well-known and classical inhibitors of HDACs. To determine whether alterations in histone acetylation modulate SERT expression, we investigated the endogenous expression of SERT following HDAC inhibition. Figure 1 demonstrates that treatment of Caco-2 cells with 5 or 10 mM sodium butyrate for 24 h significantly decreased SERT mRNA levels to a similar magnitude (ϳ60%). Thus 5 mM butyrate was used for subsequent studies. TSA (1 M, 24 h) also decreased SERT mRNA levels (ϳ45%) compared with control ( Fig. 1) . The effects of TSA ϩ butyrate (5 mM) were not additive, indicating that hyperacetylation of histones may be involved in decreasing SERT mRNA expression. To examine whether butyrate or TSA decreases SERT protein expression, Western blotting was performed utilizing a specific anti-SERT antibody. Consistent with mRNA, butyrate or TSA decreased SERT protein expression (Fig. 2) . In addition, Caco-2 cells treated with 5 mM butyrate or 1 M TSA showed no signifi-cant alterations in viability as measured by lactate dehydrogenase release (data not shown).
Effect of butyrate and TSA on the promoter activities of hSERT. To elucidate the molecular mechanisms underlying decreased SERT expression by butyrate or TSA, we next examined whether SERT promoter activity is altered. The SERT gene is under the regulation of two alternate promoters: hSERTp1 (upstream of exon 1a) and the recently identified intestinalspecific promoter hSERTp2 (upstream of exon 2 and extending upstream of exon 1c). The promoter activity was assessed by transient cotransfection of promoter constructs in Caco-2 cells, along with the ␤-galactosidase mammalian expression vector as an internal control to adjust for transfection efficiency. Results demonstrated that butyrate or TSA had differential effects on hSERTp1 and hSERTp2. Interestingly, 5 mM butyrate decreased hSERTp1 (flanking nt Ϫ872 and ϩ2) activity (Fig. 3A) , with no effect at 1 mM butyrate (not shown). In addition, TSA mimicked the effects of butyrate on hSERTp1 activity, with no additive effect observed with TSA ϩ butyrate (Fig. 3A) . In contrast to hSERTp1, butyrate or TSA had no effect on hSERTp2 activity (Fig. 3B) . These results suggest that inhibition of SERT by butyrate or TSA occurs specifically via suppression of hSERTp1.
Identification of the butyrate-or TSA-responsive region in hSERTp1. Since hSERTp1 was inhibited by HDAC inhibition, we next determined which specific region in hSERTp1 is responsive to HDAC inhibitors. For these studies, the effect of butyrate or TSA was assessed utilizing different fragments of the hSERTp1 representing 5=-progressive deletions of the promoter. Treatment of Caco-2 cells with 5 mM butyrate resulted in a marked decrease in relative luciferase activity (normalized to ␤-galactosidase activity) of each promoter construct (Fig. 4A) . Similar to butyrate, deletion to the Ϫ472/ϩ2 (hSERTp1 B ) or Ϫ272/ϩ2 (hSERTp1 c ) fragment retained the TSA-mediated inhibition compared with the respective controls taken as 100% (Fig. 4B ). These data indicate that the HDAC inhibitors act in the region flanking nucleotides Ϫ272/ϩ2 of hSERTp1.
Butyrate alters histone status at hSERTp1. Given that butyrate and TSA inhibit HDACs, we next examined if alterations in histone status at hSERTp1 contribute to SERT regulation. We examined the association of acetylated histones with hSERTp1 by ChIP assays. Chromatin from control cells and cells treated with 5 mM butyrate was immunoprecipitated with tetra-acetylated or -methylated histone H3 or H4 antibody. Enrichment of hSERTp1 with the immunoprecipitates of histone H3 or H4 histone was assessed by real-time PCR utilizing specific primers flanking nucleotides Ϫ872/ϩ2. Figure 5A shows the PCR products separated on 1% agarose gel depicting enrichment with the specific antibodies, but not with IgG (negative control). Quantification of the data demonstrated that, in control cells, hSERTp1 spanning nucleotides Ϫ250/ϩ2 was mainly associated with tetra-acetylated histone H3 or H4. Treatment with butyrate resulted in stronger association (ϳ3-fold) of hSERTp1 with acetylated histone H3 or H4 (Fig. 5) . However, no enrichment of hSERTp1 region with methylated histone H3 or H4 was observed in control or butyrate-treated cells (data not shown). These data indicate that histone at the SERT promoter is characterized by modifications involving hyperacetylation of histone H3 or H4 that may indicate activation of chromatin and modulation of transcription.
HDAC expression in Caco-2 cells. The commonly utilized HDAC inhibitors such as butyrate and TSA are nonspecific inhibitors of class I HDACs (HDAC1, HDAC2, HDAC3, and HDAC8) and class II HDACs (HDAC4, HDAC5, HDAC6, HDAC7, HDAC9, and HDAC10) (28) . Therefore, to specifi- cally dissect which HDAC inhibits SERT, we initially examined expression of HDAC1, HDAC2, HDAC3, HDAC4, HDAC5, HDAC6, HDAC7, HDAC8, HDAC9, HDAC10, and HDAC11 mRNA in Caco-2 cells. Results revealed that Caco-2 cells express all the HDACs, with HDAC7 and HDAC9 expressed at the lowest levels. Figure 6 demonstrates the expression of different HDACs relative to HDAC1. As shown in Fig. 6 , HDAC1 and HDAC2 are the predominant isoforms expressed in Caco-2 cells. HDAC2 regulates SERT mRNA expression. To directly test the role of HDAC1 or HDAC2 in modulating SERT expression, we utilized different predesigned siRNAs to silence their individual expression in Caco-2 cells. After 48 h of treatment with 100 nM siRNA duplexes, selective downregulation of HDAC1 or HDAC2 mRNA (Fig. 7, A and B) normalized to GAPDH as an internal control was achieved compared with scrambled siRNA controls. The levels of HDAC1 mRNA remained unaltered with HDAC2 silencing, and vice versa, indicating specificity of inhibition (Fig.  7, A and B) . Interestingly, SERT mRNA levels were decreased specifically (ϳ45%) with HDAC2 silencing, with no effect observed with HDAC1 inhibition (Fig. 7C) .
HDAC2 silencing inhibits SERT protein expression. We next examined if the decrease in SERT mRNA by HDAC2 inhibition also occurs at the protein level. Treatment of Caco-2 cells with HDAC1-or HDAC2-specific siRNA duplexes for 72 h decreased HDAC1 or HDAC2 protein levels, respectively (Fig. 8A) , demonstrating efficient knockdown. Densitometric analysis showed an ϳ80% reduction in HDAC2 (but not HDAC1) protein levels after silencing of HDAC2 in Caco-2 cells (Fig. 8B ). Similar to inhibition by butyrate or TSA, HDAC2 inhibition by siRNA reduced SERT protein levels by ϳ50%. There was no effect on SERT protein expression in response to HDAC1 inhibition (Fig.  8C) . These findings suggest a novel role of HDAC2 in modulating SERT expression.
Pectin feeding to mice decreases SERT mRNA and protein levels. Pectin is a soluble dietary fiber that increases the production of short-chain fatty acids (SCFAs) such as butyrate in the large intestine. To examine whether SERT expression is modulated by butyrate in vivo, we utilized the in vivo model of mice fed a fiber-free diet (control) or mice fed pectin for 7 days. Our previous studies demonstrated that, similar to human intestine, SERT mRNA levels were higher in mouse small intestine than colon. Interestingly, pectin feeding decreased SERT mRNA expression in the ileum and distal colon, with no alteration in the jejunum (Fig. 9) . These data recapitulate the observations in the in vitro model.
DISCUSSION
SERT is an important pharmacological target of selective 5-HT reuptake inhibitors, such as fluoxetine, frequently prescribed in anxiety disorders. In the GI tract, a decrease in SERT and consequent high 5-HT levels have been implicated in the pathogenesis of several diarrheal diseases associated with enteric infections or inflammatory bowel diseases (9, 10, 12, 13, 30) . Thus, SERT is emerging as an important target for treatment of diarrheal and inflammatory diseases. However, very little is known regarding mechanisms regulating SERT in the human intestine. Our current findings present novel evidence about the role of epigenetic mechanisms involving histone modifications in regulating SERT expression in IECs. Histone acetylation is regulated by two classes of enzymes: histone acetyltransferases, which add acetyl groups to specific amino acids of histones, and HDACs, which catalyze the removal of the acetyl groups from histones or specific transcription factors. Our data demonstrate that inhibition of HDACs by the classical inhibitors butyrate and TSA decreased SERT mRNA and protein levels in human intestinal Caco-2 cells. Interestingly, the colon is an essential site for production of the SCFAs acetate, propionate, and butyrate, produced as end products of bacterial fermentation of undigested carbohydrates (16, 25) . Of the SCFAs, butyrate is the most potent HDAC inhibitor in the intestine and is known to exhibit its effect on various cellular functions via mechanisms dependent on or independent of its histone deacetylation capability (5, 16) . In the GI tract, SERT is apically localized, evenly distributed across the crypt villus axis, and differentially expressed across the length of the GI tract. For example, our previous studies utilizing Northern blotting of human resected intestinal samples, as well as organ donor intestine, showed higher SERT mRNA and protein expression in the ileum and lower expression in the colonic epithelium (19) . Given that the SCFAs are the most predominant anions in the colonic lumen, our data demonstrating downregulation of SERT expression in response to butyrate may explain the lower expression of SERT in the colon than in the small intestine (in which SCFAs are less available). The concentration of butyrate used in the present study (5 mM) is relevant to the physiological concentration of SCFAs in the normal colonic lumen (50 -100 mM) (16, 25) . The effects on SERT were specific, as previous studies have shown that butyrate (at similar concentrations) increased the expression of Na ϩ /H ϩ exchanger 3 (27, 33) , downregulated in adenoma (DRA) (2), and monocarboxylate transporter 1 (MCT1) (5) in IECs.
Since the effects of butyrate in IECs vary depending on the experimental model (in vitro vs. in vivo) and the doses used in the study, we further examined if the effects of butyrate can be validated in an in vivo model. Pectin is known to be almost completely fermented to SCFAs in the large intestine (15) . Similar to in vitro results, in mice fed a pectin diet for 7 days, SERT mRNA levels in the ileum and distal colon were decreased. Under similar conditions, the mRNA expression of other transporters, such as MCT1, was increased in the colon in response to the pectin diet, as reported previously (29) (data not shown). Since SERT is predominantly expressed in the small intestine (19), Caco-2 monolayers represent an excellent in vitro model system to study its regulation. Although colonic in origin, Caco-2 cells on differentiation manifest anatomic and functional similarities to ileal enterocytes and are well equipped with functional serotonergic machinery. Previous studies from our laboratory and others showed suitability of Caco-2 cells for examining regulation of electrolyte and 5-HT transport processes (12, 14, 18, 20) .
HDACs comprise a family of 18 genes, grouped into classes I-IV (42) . Classes I, II, and IV consist of 11 family members, referred to as "classical" HDACs, whereas class III members are known as sirtuins. Classical HDACs are emerging as a promising novel class of anticancer drug targets (42) . For example, vorinostat (suberoylanilide hydroxamic acid) was the first HDAC inhibitor to be approved by the US Food and Drug Administration for treatment of cutaneous T-cell lymphoma (34) . However, given that HDAC inhibitors act against several or all 11 HDAC family members, clinical phase I trials have documented many side effects, such as diarrhea, electrolyte changes, weight loss, disordered clotting, fatigue, and cardiac Fig. 9 . Pectin feeding decreases SERT mRNA in native mouse intestine. Total RNA was extracted from different regions of intestine isolated from control and pectin-fed mice. SERT mRNA levels were normalized to levels of ␤-actin/GAPDH mRNA. **P Ͻ 0.001; *P Ͻ 0.05 vs. control.
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arrhythmias (6) . Similarly, recent studies have reported the use of HDAC inhibitors for amelioration of intestinal inflammation (22) . However, the use of these drugs may be limited by other reports describing their effect as immunosuppressive drugs that block innate immunity and increase susceptibility to severe infections in vivo (4) . Therefore, it is critical to define the role of a particular HDAC isoform in health and disease rather than harness the potential of a nonselective HDAC inhibitor. In this regard, our real-time PCR studies demonstrated that, of the 11 HDAC isoforms tested, HDAC1 and HDAC2 were the most abundantly expressed in Caco-2 cells. Utilization of siRNA technology to selectively knock down HDAC1 or HDAC2 demonstrated that SERT mRNA and protein expression was downregulated by selective inhibition of HDAC2, but not HDAC1. Thus our results document that inhibition of HDAC2 is involved in decreased SERT expression in the IECS. We speculate that a decrease in SERT expression by inhibition of HDAC2 may contribute to the side effects (such as diarrhea or electrolyte changes) of HDAC inhibitors used in clinical trials.
To understand the mechanisms of SERT inhibition, we examined the effect of butyrate or TSA on SERT promoter activity. The SERT gene is under the control of two alternate promoters, the previously identified hSERTp1 (regulating neuronal and intestinal SERT) and the recently identified intestinespecific hSERTp2. Previous studies from our laboratory and others have shown that both promoters are active in IECs, with higher activity of hSERTp1 than hSERTp2 in Caco-2 cells (17, 31) . We previously showed that EGF stimulated the activities of both SERT promoters via activator protein-1, but by distinct mechanisms (17) . In contrast to EGF, the butyrate-mediated decrease in SERT gene expression was reflected in a decreased activity of hSERTp1, but not hSERTp2. Studies utilizing progressive 5= deletions of hSERTp1 narrowed the butyrate-or TSA-responsive region as spanning nucleotides Ϫ272/ϩ2. Further studies were performed to examine if butyrate decreases SERT expression by altering the status of posttranslational modification of histones at the SERT gene in the area representing hSERTp1. The short NH 2 termini of histones H4 and H3 contain conserved amino acids that undergo posttranslational modifications, such as phosphorylation, methylation, and acetylation, to influence the folding and functional state of the chromatin fiber (26) . Recent studies have shown that butyrate increases intestinal mucin MUC2 expression via activator protein-1 and acetylation/or methylation of histones at the MUC2 promoter (7). Our studies utilizing ChIP assays demonstrated enrichment of acetylated histone H3 or H4 with the hSERTp1 fragment on the SERT gene, which was associated with decreased promoter activity by butyrate treatment of Caco-2 cells. However, our data showed no association of the hSERTp1 gene fragment with methylated histone H3 or H4 under control conditions or in response to butyrate. Thus the SERT promoter 1 region appears to be specifically modulated by alterations in the acetylation (but not methylation) status of histone H3 or H4.
Inhibition of HDACs has been shown to increase acetylation of histones and relax chromatin, a condition usually associated with increased transcription. In contrast, our data showed SERT transcription suppression in response to HDAC inhibition. This is not surprising, as multiple reports have shown that HDAC inhibitors also possess suppressive effects, such as effects on immune response gene induction (4, 38, 41) . We speculate that the butyrate-mediated increase in hyperacetylation at hSERTp1 (which indicates active chromatin modeling) may favor binding of a transcription factor (probably a repressor) that decreases SERT transcription. Future studies will investigate this possibility.
In conclusion, our results define novel regulatory mechanisms of SERT expression via epigenetic mechanisms involving HDAC2 (Fig. 10) . Identification of histone acetylation or chromatin remodeling as a mechanism involved in SERT inhibition offers new insights to understand the pathophysiology of infectious or inflammatory bowel diseases, where SERT expression is decreased. These studies may also be relevant for understanding the region-specific expression of SERT across the length of the GI tract. 
